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Many circular genomes have replication termination systems, yet
disruption of these systems does not cause an obvious defect in
growth or viability. We have found that the replication termination
system of Bacillus subtilis contributes to accurate chromosome
partitioning. Partitioning of the terminus region requires that
chromosome dimers, that have formed as a result of RecA-medi-
ated homologous recombination, be resolved to monomers by the
site-specific recombinase encoded by ripX. In addition, the chro-
mosome must be cleared from the region of formation of the
division septum. This process is facilitated by the spolllE gene
product which is required for movement of a chromosome out of
the way of the division septum during sporulation. We found that
deletion of rtp, which encodes the replication termination protein,
in combination with mutations in ripX or spolllE, led to an increase
in production of anucleate cells. This increase in production of
anucleate cells depended on recA, indicating that there is probably
an increase in chromosome dimer formation in the absence of the
replication termination system. Our results also indicate that
SpolllE probably enhances the function of the RipX recombinase
system. We also determined the subcellular location of the repli-
cation termination protein and found that it is a good marker for
the position of the chromosome terminus.

NA replication termination systems have been identified on

several circular genomes, including Bacillus subtilis, Esche-
richia coli, and several plasmids (1, 2). The presence of replica-
tion termination systems in diverse organisms suggests an evo-
lutionary advantage for accurate termination of DNA
replication. Yet deletion of the chromosomal termination pro-
tein genes in a wild-type background has no deleterious effects
on growth or development under standard laboratory conditions
(1, 3). Here we report that accurate termination of DNA
replication contributes to accurate chromosome segregation.

The replication terminator protein (RTP) of B. subtilis is a
29-kDa homodimer (4, 5). Two RTP dimers bind to each Ter site,
which consists of a 29-bp imperfect inverted repeat with two
overlapping half sites; one of these sites is a strong binding core
(B) site, and the other is a weak binding auxiliary (A) site (4).
Binding of an RTP dimer to the core site permits cooperative
binding of a second dimer to the auxiliary site (6, 7). In B. subtilis,
as well as E. coli, the termination complex blocks DNA repli-
cation in a polar manner. Replication forks that encounter the
B. subtilis RTP-Ter complex from the core side are blocked,
although those that encounter RTP-Ter from the auxiliary side
are not (8). The termination complexes of B. subtilis and E. coli
inhibit helicase-mediated DNA unwinding (9, 10), although the
mechanism of helicase inhibition is still debated (11).

Nine Ter sites have been identified in B. subtilis (12). Terl and
Terll are located 59 bp apart at ~172° on the circular 360°
chromosome (13, 14). As a result of its slightly asymmetric
position, Terl is the termination site that is most often used. Terl
encounters the replication fork duplicating from 0° to 172°
before Terll can encounter the replication fork duplicating from
360° to 172° (14-16). The replication fork duplicating from 360°
to 172° presumably terminates on meeting the fork already
halted at Terl. The seven other Ter sites flank Terl and Terll
oriented such that they create a replication fork trap in the
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terminal 10% of the chromosome (12, 14). This trap seems to
ensure that a fork that passes through Ter/ is impeded by the
subsequent Ter sites (likewise if a fork passes through TerlI).

In bacteria with a single circular chromosome, duplication of a
region of the chromosome is closely followed by segregation of the
sister regions to opposite halves of the cell. Thus, early replicated
regions are partitioned before the bulk of the chromosome is
duplicated. Once the two new chromosomes have been completed
and partitioned to opposite sides, the cell divides medially. Our
current understanding of chromosome partitioning can be simpli-
fied into several steps: () origin region separation and reposition-
ing; (ii) overall chromosome organization and compaction; and (if)
terminus region separation. This final step includes chromosome
decatenation, chromosome dimer to monomer resolution, when
necessary, and movement of the termini to either side of midcell
before completion of medial septation.

Several genes involved in partitioning have been identified,
including spo0J, smc, ripX, spolllE, parC, and parE. parC and
parE encode the subunits of topoisomerase IV which are re-
quired for decatenation (17) and will not be discussed further.
Combining some partitioning mutations can cause synthetic
effects (18, 19). Therefore, we combined an r#p null mutation
with mutations in some of the known partitioning genes. We
observed synthetic effects of r#p in combination with spolIIE and
ripX mutations. Both SpollIIE and RipX have functions that are
specifically involved in separating the termini of newly dupli-
cated chromosomes.

SpolIIE plays a role in postseptational chromosome parti-
tioning. During exponential growth, SpollIIE enhances accurate
chromosome separation when the normal coupling of chromo-
some partitioning and cell division is disrupted (19, 20). Com-
bining AspollIE with another partitioning mutant, Asmc, causes
a synthetic lethal phenotype (19). During sporulation, SpolIIE
is required for postseptational partitioning of one chromosome
into the smaller forespore compartment (21, 22). SpollIE pro-
tein localizes to the division septum and has homology to DNA
translocation proteins from conjugative plasmids (23). The
prevailing model is that SpolIIE pumps chromosomes out of the
way of the division septum.

RipX, the B. subtilis homologue of E. coli XerD, probably acts
in the terminus region to resolve chromosome dimers to mono-
mers (24). With circular genomes, dimers can form as a result of
homologous recombination between newly duplicated chromo-
somal regions. Most circular genomes seem to have a site-specific
recombinase to resolve such dimers. In the well characterized E.
coli system, the dif site is located near the site of replication
termination and is acted on by two site-specific recombinases,
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XerC and XerD (25). The B. subtilis dif site has recently been
identified in the terminus region (S. Sciochetti & P. Piggot,
personal communication). In E. coli, efficient Xer-mediated dif
recombination requires FtsK (26-29), a protein with a carboxyl-
terminal domain homologous to SpolIIIE (30). Recent analysis of
genome sequences indicates that organisms with Xer homo-
logues all have an FtsK homologue, and those that do not have
an Xer homologue do not have an FtsK homologue (31). These
findings are consistent with the notion that there is a conserved
interaction between Xer and FtsK (31).

In this study we examined both the localization of RTP and the
effect of combining Arfp with some of the known partitioning
mutants. Our results indicate that RTP is an excellent marker for
chromosome terminus region position in live cells and that
RTP-mediated termination of DNA replication can facilitate
accurate separation of sister terminus regions.

Materials and Methods

Growth Media and Antibiotics. Rich medium was LB; defined
minimal medium was S7 medium with 1% glucose, 0.1% gluta-
mate, and required amino acids as described (32, 33). Where
needed, antibiotics were used at the indicated concentrations:
chloramphenicol (to select for the cat gene) 5 ug/ml; erythro-
mycin 0.5 ug/ml and lincomycin 12.5 ug/ml together (to select
for the mls gene); spectinomycin (to select for the spc gene) 100
pg/ml; and kanamycin (to select for the kan gene) 5 ug/ml.

Strains. All strains are derivatives of JH642 which is #rpC2 pheAl
(34). The following previously described mutant alleles were used:
AspollIE::spc (35), spollIE36 (21), AterC::cat (3), AspoOJ::spc (36),
Asmc::cat (18), AripX::cat (24), and recA260 (cat mis; ref. 37). All
mutants were constructed by standard methods (38). The Artp::kan
mutation was constructed as follows. A 5’ fragment of rfp (over-
lapping the ribosome binding site and extending into codon 68) was
PCR-amplified with primers oKPL161 and oKPL162 and inserted
upstream of kan in pGK67. pGK67 was constructed by inserting kan
(PCR-amplified with primers KAN1 and KAN2) from pDG792
(39) into the Xbal site of pGEM-cat (40). A 3’ fragment (extending
from within codon 104 to 229 nucleotides past the stop codon) was
then PCR-amplified with primers oKPL163 and oKPL164 (primer
sequences available on request) and inserted downstream of kan.
The resulting plasmid pEXS (E. Kiister-Schock and A.D.G.) was
integrated by double crossover onto the B. subtilis chromosome.

The recA260 mutation is a single crossover insertion-
disruption of recA (37). The presence of rec4260 was confirmed
by sensitivity to mitomycin C (30 ng/ml) on LB agar plates. rec4
mutants were grown in flasks wrapped in foil to protect them
from light. The presence of the AripX::cat in the recA260 (cat
mls) mutant was confirmed by recovering each mutation sepa-
rately. Chromosomal DNA from both the AripX::cat recA260 (cat
mis) double and Artp::kan AripX::cat recA260 (cat mls) triple
mutant were used to transform wild-type cells selecting for
resistance to chloramphenicol (CmR). Transformants were then
screened to identify MLS-resistant and MLS-sensitive isolates,
and were then tested for ripX (anucleate cell production) and
recA (sensitivity to mitomycin-C) phenotypes. Transformants
that were CmR- and MLS-sensitive (ripX) were resistant to
mitomycin-C and had an anucleate phenotype indicative of the
ripX mutation. Transformants that were CmR- and MLS-
resistant (recA) were sensitive to mitomycin-C and had an
anucleate phenotype indicative of a recA mutation.

yfpmut2 was constructed by site-directed mutagenesis of gfp-
mut2 (S65A, V68L, S72A; ref. 41), changing amino acid 203 from
threonine to tyrosine (T203Y; ref. 42). yfpmut2 was then sub-
cloned in-frame behind a 3’ fragment of r#p (the r¢p stop codon
was replaced by a Xhol site) in the B. subtilis integration vector
pUS19 (43). There is a 5S-amino acid linker (LEGSG) between
the last amino acid of rtp and the first of yfpmut2. This construct,
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Fig. 1. Chromosome terminus location in live cells. (A) RTP-YFP and cell
outline. (B) 181°::/acO, Lacl-CFP, and cell outline. (C) Merged image A and B.
(D) Percent of cells belonging to each type of cell pattern in double-labeled
cells (283 total cells). The remaining 2.7% of cells counted did not contain
signal from both fusions. Orange circles, RTP-YFP; blue squares, Lacl-CFP
bound to the chromosome terminus at 181°::/lacO. The data are cumulative
from two separate experiments.

pGK97, was integrated by single crossover onto the B. subtilis
chromosome such that the fusion is the only functional copy of
the gene and is under control of the endogenous promoter.

The tandem array of lac operators (lacO) inserted by single
crossover at cgeD (44) is marked with cat and was transformed
into our strain background by using chromosomal DNA from
AT54 (45).

We have found that a carboxyl-terminal fusion of LacI (minus
the last 11 codons to reduce tetramerization) to green fluores-
cent protein (GFP), or its variants, produces a brighter signal
than the previously described amino-terminal fusion protein
(GFP-Lacl; refs. 44 and 46). To construct lacl-gfp and lacl-cfp
fusions, the 3’ end of lacI, absent the last 11 codons, was
PCR-amplified from pDH88 (47) by using primers oKPL 134
and 135 that added an EcoRI site at the 5’ end and an Xhol site
at the 3’ end. The resultant product was then fused in-frame to
the 5’ end of gfpmut2 with a five codon linker (LEGSG) to give
plasmid pKL153. pKL153 was integrated into strain KP1.417 by
single crossover into a copy of lacI (driven by the Ppen promoter;
ref. 48). The lacl copy had been introduced into the B. subtilis
chromosome at the thrC locus with pPL97 (P. Levin, J. Quisel,
F. Aragoni, A.D.G., unpublished work), to give strain KPL420.
The resulting Ppen-lacI(Al1)gfpmut2 expression unit was PCR-
amplified by using primers oKPL145 and 147 that added EcoR1
and BamHI to the 5’ and 3’ ends, respectively, and was then
subcloned into pUCY to give pKL178. A cyan variant of gfp,
cfpW7 (49), was swapped for the gfpmuz2 of pKL178 by using the
Xhol and Sphl sites, yielding pKL189. pKL189 was digested with
EcoRI and BamHI, and the Ppen-lacl-cfpW7 fragment was
inserted into pDG795 (provided by P. Stragier, Institut de
Biologie Physico-Chimique, Paris, France; ref. 36) to give
pKL190. pKL190 was integrated by double crossover at thrC in
the chromosome, resulting in strain KPL682.

Anucleate Cell Determination. Cells were grown in LB broth at
37°C in flasks in a shaking water bath, except for the Asmc
strains, which were grown in defined minimal medium at 30°C.
(The smc phenotype is much more severe in rich medium than
in minimal medium; ref. 18.) Samples were taken during midex-
ponential growth, and cells were adhered to poly-L lysine-
treated glass slides, fixed with ethanol, and stained with 4',6-
diamidino-2-phenylindole (DAPI, 400-500 ng/ml). Microscopy
was performed by using a Nikon E800 microscope equipped with
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Fig.2. RTP-YFP focus position with respect to nearest cell pole. (A) RTP-YFP
position in cells with a single focus (230 cells). (B) RTP-YFP position in cells with
two foci (58 cells). The distance from mid-focus to nearest cell pole was
measured by using Improvision OPENLAB software. The data are cumulative
from two separate experiments.

a 100X differential interference contrast (DIC) objective. Im-
ages were captured by simultaneous use of DIC optics and
fluorescence. The total number of cells and the number of
anucleate cells were counted in random fields, and the 95%
confidence interval was determined (50).

Live Cell Microscopy. Cells were grown at 30° in defined minimal
medium and prepared for microscopy as described (51). Briefly,
an aliquot of cells was removed from an exponentially growing
culture and stained with the vital membrane stain FM4-64
(140-280 ng/ml; Molecular Probes) before placement on a pad
of 0.5-1% agarose in a solution of 1X T’ base (38) with 1 mM
MgSO,. The cell outlines (FM4-64) were visualized with a Cy3
filter set, the YFP signal with Chroma filter set # 41029, and the
CFP signal with Chroma filter set # 31044. Images were
colorized and merged by using Improvision OPENLAB software
and cropped in Adobe PHOTOSHOP 5.5. Images were acquired by
using a Nikon E800 microscope equipped with a charge-coupled
device camera (Hamamatsu, model C4742-95; Ichinocho, Ja-
pan) and Improvision OPENLAB software.

Results

Localization of RTP-YFP in Living Cells. RTP-YFP is a fusion of RTP
with a yellow variant of GFP (42) localized as discrete intracel-
lular foci (Fig. 14). Approximately 80% of cells contained a
single RTP-YFP focus located at or near midcell (Fig. 24). The
remaining 20% of cells had two closely juxtaposed foci that were
centrally located (Fig. 2B). The RTP-YFP fusion is the only copy
of RTP in these cells and does not cause any disturbance in cell
growth. Similar results were found with RTP-GFP.

RTP-YFP Colocalizes with the Chromosome Terminus Region. Previ-
ously, the B. subtilis chromosomal terminus region was visualized
by inserting a tandem array of lac operators (lacO) at ~181° in
a strain expressing a LacI-GFP fusion (44, 45, 52). We observed
RTP-YFP localization in a strain that also carried the 181°:lacO
array and a fusion of Lacl to a Cyan variant of GFP (ref. 49;
LacI-CFP). We found that in most cells (=75%) the focus or foci
of RTP-YFP was coincident with LacI-CFP bound in the
terminus region (Fig. 1 A-D). In almost all of the remaining cells
RTP-YFP and Lacl-CFP foci were adjacent. We have observed
that the lac operator-Lac repressor system, while extremely
useful, causes a mild partitioning defect (data not shown; ref. 45).
One notable advantage of using RTP-YFP (or RTP-GFP) to
localize the terminus region is that strains bearing the fusion
appear normal.
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Table 1. Anucleate cells

Percentage
Total of

Relevant genotype Strain Anucleates cells anucleates*
Wild type AG174 8 8,693 0.09 (0.06)
Artp IRN408 6 6,687 0.09 (0.07)
AterCt KPL47 35 8,364 0.42 (0.14)
Aspo0J AG1468 29 2,048 1.4 (0.5)
Artp Aspo0J IRN414 55 3,172 1.7 (0.45)
Asmc RB27 94 993 9.5 (1.8)
Artp Asmc IRN418 110 1,080 10.2 (1.8)
AspolllE PL422 34 5,752 0.59 (0.2)
Artp AspolllE* IRN415 158 7,606 2.08 (0.3)
AripX IRN429 256 2,488 103 (1.2)
Artp AripX IRN432 369 1,782  20.7 (1.9)
AripX AspolllES IRN436 93 1,596 5.83(1.15)
Artp AripX AspolllE IRN435 283 1,614 17.5 (1.86)

*All data are derived from at least two experiments, except for the Asmc
strains, which are from a single experiment. The 95% confidence interval is
shown in parentheses.

"We found that the AterC mutant SU153 had a mild partitioning defect. AterC
was constructed by replacement of 11.2 kb of chromosome, spanning 9.7 kb
on one side and 1.5 kb on the other side of Ter/ (removing rtp) with a
drug-resistance marker (3). Because this defect is not due to loss of rtp, there
may be other genes or DNA sites in this region that have some role in
chromosome partitioning.

*We observed a similar enhancement of a spolllE36 partitioning defect in a
Artp spolllE36 double mutant.

SAripX spolllE36 had a similar percentage of anucleate cells.

Artp and Chromosome Partitioning. The close temporal association
between DNA replication and partitioning of the two new copies
of a chromosome region led us to speculate that proteins
involved in DNA replication might facilitate accurate chromo-
some partitioning. We found that deletion of rfp did not cause
a partitioning defect (Table 1). We postulated that the normal
contribution of accurate DNA-replication termination to chro-
mosome partitioning might be masked in a wild-type back-
ground. Therefore, we combined Arfp with several known par-
titioning mutants.

Artp Had No Effect When Combined with Aspo0J or Asmc. Spo(J
binds to parS sites located in the origin proximal 20% of the
chromosome and is thought to function in origin-region orga-
nization and separation (53). A Artp Aspo0J double mutant
produced essentially the same number of anucleate cells as a
Aspo0J single mutant (Table 1).

B. subtilis SMC is involved in partitioning, probably through a
role in chromosome organization and compaction (18, 19, 54).
Asmec is temperature-sensitive lethal in rich medium (18). There
was no effect of combining Artp and Asmc when cells were grown
under conditions permissive for Asmc. Both the Asmc and Artp
Asmc mutants had ~10% anucleates (Table 1).

Artp Exacerbated the Partitioning Defect of a AspolllE Mutant.
SpollIE is important for moving chromosomes out of the way of
the division septum. During exponential growth, this function of
SpollIE is most readily observed in conditions that perturb
chromosome organization (19, 20). We found that Arzp enhanced
anucleate cell production in a AspollIE mutant. The Artp
AspolllE double mutant had an ~3-fold increase in anucleate
cells compared with AspolIIE alone (Table 1). Alone, AspollIE
had an ~6-fold increase in anucleates compared with wild type.

In addition to the quantifiable increase in anucleates in the
AspollIE and Artp AspolllE mutants, there was a characteristic
appearance to many of the anucleate cells. We often observed an
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Fig.3. Nucleoid appearance and anucleate cells in various mutants. Samples
were taken during exponential growth and stained with DAPI (400-500
ng/ml). (A) Artp AspolllE; (B) Artp AripX; (C) Artp AripX recA260; (D) recA260.

elongated cell with an unusually large mass of centrally located
DNA flanked on one or both sides by a small- to normal-sized
anucleate cell (Fig. 34). We speculate that this defective nucle-
oid structure results from an initial failure of chromosome
separation accompanied by continued DNA replication. Though
the resulting large nucleoid mass cannot be partitioned, the
division cycle continues unhindered, resulting in an adjacent
flanking anucleate cell. This phenotype is very similar to that
described for AripX strains (see below, ref. 24), and we believe
it is a common result of partitioning failure. We have also
observed this pattern in the AspoOJ mutant. In addition, we
occasionally observed cells where the nucleoid mass was guillo-
tined by a division septum, the so-called “cut” phenotype (19).

Artp Enhanced the Partitioning Defect of a AripX Mutant. RipX, the
B. subtilis homologue of the E. coli XerD site-specific recombi-
nase (24), acts at a dif site in the Ter region to resolve chromo-
some dimers to monomers. Like SpolIIE, RipX is important for
proper separation of the chromosome terminus region. We
combined Arzp with both AripX and AripX AspollIE.

Both the Artp AripX double mutant and the Artp AripX
AspolIIE triple mutant had an increased partitioning defect, with
~2-fold more anucleate cells than the AripX single mutant
(Table 1). Compared with AripX, the AripX AspolllE double
mutant had an ~40% decrease in anucleate cells (Table 1).
Previously, the production of anucleate cells by the AripX
AspollIE double mutant was reported to be similar to that of the
AripX single mutant (24). The modest decrease in production of
anucleate cells that we observed seems consistent with the
previous findings. In addition to the production of anucleate cells
and the defective nucleoid structure (Fig. 3B) described above,
many of the AripX (recA™) mutant cells had abnormally dense or
diffuse nucleoids as observed previously (24).

The Enhancing Effect of Artp on AspolllE and AripX Anucleate Cell
Production Is recA-Dependent. RecA is required for the primary
mode of homologous recombination and, hence, chromosome
dimer formation (55). In E. coli, chromosome dimer formation
is largely prevented in the absence of rec4, and a site-specific
recombination system is not needed (56, 57). We found that a B.
subtilis recA null (recA260; ref. 37) produced ~1% anucleates
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Table 2. The rtp enhancement of anucleate cell production is
recA dependent

Percentage
Total of

Relevant genotype Strain*  Anucleates cells anucleates®
Wild type AG174 8 8,693 0.09 (0.06)
recA260 IRN444 66 6,218 1.06 (0.25)
Artp recA260 IRN440 46 6,910 0.67 (0.19)
AspolllE recA260 IRN441 39 3,622 1.08 (0.34)
Artp AspolllE recA260  IRN439 59 6,040 0.98 (0.25)
AripX recA260 IRN442 63 6,654 0.95 (0.23)
Artp AripX recA260 IRN443 44 4,126 1.07 (0.31)

*Strains were handled as described in Materials and Methods, except that the
ethanol fixation time was decreased to ~10 s to preserve cellular structure in
strains carrying the recA260 mutation. Identical results were obtained with
two different isolates of the ripX recA strains (IRN442 and IRN443), and
results shown are cumulative.

TAIl data are derived from at least two experiments. The 95% confidence
interval is indicated in parentheses.

(Table 2, Figs. 3D and 4), but this finding is probably an
underestimate of the chromosome defect. As with all our
quantitation, we used a very strict definition of “anucleate,”
whereby any detectable DAPI-stained material in a cell was
interpreted as a nucleated cell. Many recA mutant cells had a
decrease in DAPI-stained material compared with wild type.
The anucleates in E. coli recA mutants probably result from
DNA degradation after failure to repair collapsed DNA repli-
cation forks (58, 59). Production of anucleates by DNA degra-
dation is consistent with the absence of the characteristic “cut”
phenotype (a division septum cutting the nucleoid) in the B.
subtilis recA strains (Fig. 3 and data not shown).

The Artp AspollIE recA triple mutant had a partitioning defect
similar to that of the recA single mutant, but it was less severe
than that of the Artp AspollIE double mutant (Table 2, Fig. 4).
In addition to the loss of the rfp-exacerbated anucleate defect,
the appearance of the nucleoid in the triple mutant was similar
to that in the recA single mutant.

The Artp AripX recA triple mutant had a partitioning defect
similar to that of the recA single mutant (Table 2, Figs. 3 C and
D and 4). In addition, the frequency of anucleates and the
appearance of the nucleoid in the AripX recA double mutant was
indistinguishable from that of the recA single mutant (Table 2,
Fig. 4). This finding differs from previous work reporting that a
recA AripX double mutant produces the same number or slightly
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Fig. 4. Effects of recA on production of anucleate cells. Light bars, recA";

dark bars, recA mutant.
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more anucleates than a AripX single mutant (24). We confirmed
the presence of both the rec4260 and AripX mutations in each of
our strains (see Materials and Methods). We do not understand
the reason for the discrepancy, but suspect that there might be
differences because of strain background. The dependence of
the ripX defect on recA is in agreement with the phenotype of an
E. coli recA xerC double mutant (56), and indicates that, as in
E. coli, recA is a primary route for chromosome dimer formation
in B. subtilis.

Discussion

By using a fusion of RTP with a variant of GFP (RTP-YFP), we
have shown that RTP localizes in discrete foci that correspond
to the position of the chromosome terminus region in B. subtilis.
Although the newly duplicated origin regions reside on opposite
sides of the cell for most of the cell cycle, the terminus region
appears to reside at or near midcell (44, 45, 52). Fusion of RTP
to GFP variants should prove to be a useful means for visualizing
the location of the chromosome terminus region in live cells.
The loss of rtp does not cause a partitioning defect in an
otherwise wild-type background. However, our results demon-
strate that Arfp causes an increase in anucleate cell production
when combined with mutations that cause defects in partitioning
the chromosome terminus region. The rzp-dependent increase in
anucleate cell production in both a AspolllE and a AripX
background was recA-dependent, indicating that failure to ac-
curately terminate DNA replication perturbs terminus region
separation, possibly via an increase in chromosome dimers.

The Absence of rtp Probably Results in an Increase in Chromosome
Dimers. RipX is a site-specific recombinase required for the
primary dimer-to-monomer resolution system in B. subtilis (24).
The 2-fold increase in anucleates in the Arfp AripX double
mutant suggests that deletion of rfp might increase the number
of dimers in the population. The recA-dependence of rip-
enhanced anucleate cell production in both spolllE and ripX
mutants provides stronger evidence that there is an increase in
chromosome dimers in the absence of rtp.

We discuss two models to explain how failure to terminate
replication accurately in the terminus region might lead to an
increase in chromosome dimers. Both models involve the gen-
eration of a double-strand end that is highly recombinogenic.

The first model is based on the possibility of overreplication
in the absence of RTP. If the 3’ end of the leading strand is not
properly terminated, then it could continue on to displace the 5’
end of the lagging strand, resulting in a shift from theta-type
replication to rolling circle replication. In fact, inactivation of the
replication terminus of plasmid R1 results in such overreplica-
tion and destabilization of the plasmid (60). Similar overrepli-
cation of the chromosome might result in a DNA structure with
a double-strand end. This structure would be a substrate for
recA-dependent recombination, leading to the increased prob-
ability of chromosome dimer formation.

The second model is based on the proposed generation of a
double-strand end after proper RTP-mediated termination, and
a role for this end in stimulating dimer-to-monomer resolution.
In E. coli, the Ter region has recombinational hotspots indepen-
dent of site-specific dif recombination (61-63). These hotspots
are correlated with the primary Ter sites. It has been proposed
that termination of a replication fork results in a “Y”” structure
that, if cleaved on one of the template strands, gives a recom-
binogenic double-strand end (63). If the increased frequency of
recombination in the 7er region because of proper DNA repli-
cation termination normally contributes to chromosome dimer-
to-monomer resolution, then the loss of RTP could result in an
increase in chromosome dimers.
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Functions of SpolllE in Chromosome Partitioning. During sporula-
tion, SpollIE is required for postseptational movement of a
chromosome into the small forespore compartment (21, 22).
During exponential growth, SpollIE seems to be an important
backup mechanism for partitioning in cells where the two
chromosomes fail to separate before medial septum formation
(19, 20). SpollIE is similar to conjugative plasmid translocation
proteins and localizes to the division septum (22, 23). SpollIE
probably pumps trapped chromosomes out of an essentially
complete division septum (22). In addition, the C-terminal
region of SpollIE is similar to the region of E. coli FtsK that is
needed for XerCD function.

There is an apparent paradox in the phenotypes resulting from
combining the spolllE null mutation with other partitioning
mutants. On one hand, AspollIE causes a decrease in anucleate
cells in the ripX mutant. On the other hand, AspollIE enhances
the production of anucleates in the Arfp mutant. We suspect that
SpollIE has two functions, one of which is to move trapped
chromosomes out of the way of the division septum, and the
other is to facilitate RipX-mediated resolution of chromosome
dimers to monomers.

We speculate that the unresolved dimers that are formed in
the absence of RipX are often moved out of the way of the
septum by SpolIIE. Presumably, pumping the two termini into
one cell results in a partitioning disaster with one chromosome
caught in the septum. In the absence of SpolllE, there is
probably more time to resolve chromosome dimers to mono-
mers, presumably via RecA-dependent homologous recombina-
tion. In this way, the absence of SpollIE can partly suppress the
effects of the ripX mutation.

In contrast, there is enhanced production of anucleates in the
Artp AspollIE double mutant. Though spollIE is not required for
RipX-dependent dimer resolution, we propose that SpolllE
facilitates RipX-mediated resolution of chromosome dimers. In
the Artp AspolllE mutant, RipX would, therefore, be less
effective at dimer resolution. The carboxyl-terminal domain of
E. coli FtsK is homologous to SpollIE (30) and is required for
efficient chromosome dimer resolution via dif recombination
(26-29). Like SpollIE, FtsK localizes to the division septum
(64). The amino terminal portion of FtsK is required for cell
division (26, 64). B. subtilis has a second gene, ypT, homologous
to spolllE, but ytpT null mutants and AspollIE AytpT double
mutants are not appreciably different from AspollIE mutants (J.
C. Lindow, R. A. Britton, and A.D.G., unpublished data).
Apparently, B. subtilis has not developed the tight coupling
between dimer resolution, postseptational partitioning, and cell
division revealed by various E. coli ftsK mutants. We suspect that
B. subtilis may tolerate delays in chromosome partitioning better
than E. coli, perhaps because B. subtilis often grows in chains, and
daughter cells remain adjacent to each other for longer periods
of time.

Replication Proteins and Chromosome Partitioning. Accurate termi-
nation of a round of DNA replication at chromosomal 7er sites
seems to facilitate accurate separation of the terminus regions of
the chromosome in the final phase of partitioning. Bacteria with
a single circular chromosome partition newly duplicated chro-
mosome regions to opposite sides of the cell before the entire
chromosome has been replicated. This tight temporal association
between DNA replication and chromosome partitioning indi-
cates that proteins involved in DNA replication might facilitate
chromosome partitioning. B. subtilis has a centrally located,
stationary replisome (51). We have suggested that bacteria may
have taken advantage of the motor properties of DNA polymer-
ase and used a stationary replisome to facilitate movement of
newly duplicated chromosome regions in opposite directions
away from midcell (51). Several genes have been identified that
play a role in accurate chromosome partitioning, and combining
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partitioning mutants often produces synthetic effects. We expect
other partitioning genes remain to be discovered and that some,
like rtp, may have known roles in DNA replication.
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